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A large-area strain sensing technology for monitoring fatigue cracks in steel
bridges
Abstract
This paper presents a novel large-area strain sensing technology for monitoring fatigue cracks in steel bridges.
The technology is based on a soft elastomeric capacitor (SEC), which serves as a flexible and large-area strain
gauge. Previous experiments have verified the SEC's capability to monitor low-cycle fatigue cracks
experiencing large plastic deformation and large crack opening. Here an investigation into further extending
the SEC's capability for long-term monitoring of fatigue cracks in steel bridges subject to traffic loading, which
experience smaller crack openings. It is proposed that the peak-to-peak amplitude (pk–pk amplitude) of the
sensor's capacitance measurement as the indicator of crack growth to achieve robustness against capacitance
drift during long-term monitoring. Then a robust crack monitoring algorithm is developed to reliably identify
the level of pk–pk amplitudes through frequency analysis, from which a crack growth index (CGI) is obtained
for monitoring fatigue crack growth under various loading conditions. To generate representative fatigue
cracks in a laboratory, loading protocols were designed based on constant ranges of stress intensity to limit
plastic deformations at the crack tip. A series of small-scale fatigue tests were performed under the designed
loading protocols with various stress intensity ratios. Test results under the realistic fatigue crack conditions
demonstrated the proposed crack monitoring algorithm can generate robust CGIs which are positively
correlated with crack lengths and independent from loading conditions.
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Abstract  16 
This paper presents a novel large-area strain sensing technology for monitoring fatigue cracks in 17 
steel bridges. The technology is based on a soft elastomeric capacitor (SEC), which serves as a 18 
flexible and large-area strain gauge. Previous experiments have verified the SEC’s capability to 19 
monitor low-cycle fatigue cracks experiencing large plastic deformation and large crack opening. 20 
Here an investigation into further extending the SEC’s capability for long-term monitoring of 21 
fatigue cracks in steel bridges subject to traffic loading, which experience smaller crack openings. 22 
It is proposed that the peak-to-peak amplitude (pk-pk amplitude) of the sensor’s capacitance 23 
measurement as the indicator of crack growth to achieve robustness against capacitance drift 24 
during long-term monitoring. Then a robust crack monitoring algorithm is developed to reliably 25 
identify the level of pk-pk amplitudes through frequency analysis, from which a Crack Growth 26 
Index (CGI) is obtained for monitoring fatigue crack growth under various loading conditions. To 27 
generate representative fatigue cracks in laboratory, loading protocols were designed based on 28 
constant ranges of stress intensity to limit plastic deformations at the crack tip. A series of small-29 
scale fatigue tests were performed under the designed loading protocols with various stress 30 
intensity ratios. Test results under the realistic fatigue crack conditions demonstrated the proposed 31 
crack monitoring algorithm can generate robust CGIs which are positively correlated with crack 32 
lengths and independent from loading conditions.  33 
  34 
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1. Introduction 1 
Fatigue cracks that develop in steel highway bridges under repetitive, traffic loading are one of the 2 
major mechanisms that degrades structural integrity. If bridges are not appropriately inspected and 3 
maintained, fatigue cracks can eventually lead to catastrophic failures, in particular for fracture-4 
critical bridges [1]. It is critical to detect fatigue cracks at an early stage so that appropriate 5 
maintenance actions can be taken. Currently, visual inspection is the most frequently adopted 6 
approach for detecting cracks in highway bridges in the United Sates [2]. However, this method is 7 
costly, labor intensive, and prone to errors due to variations of inspector’s skill for result 8 
interpretation [3]. Many advanced crack detection technologies have been proposed for monitoring 9 
fatigue crack initiation and/or propagation, including: acoustic emission [4], piezoelectric sensor 10 
[5], lamb wave [6], vibration analysis [7], and computer vision-based methods [8, 9 , 10]. 11 
Nevertheless, complex setups, data processing algorithms, and noise sensitivity are among the 12 
challenges associated with use of these methods. A comprehensive literature review of advanced 13 
crack detection methods can be found in [11]. 14 
Direct strain measurement can be used for monitoring fatigue crack activity, and has the potential 15 
to offer effective detection of fatigue cracks if appropriately applied. If a crack occurs underneath 16 
or close to the sensor, the abrupt change in strain at the localized area can be detected. For this 17 
reason, both traditional foil-type strain gages [12] and fiber optic sensors [13] have been applied 18 
for crack detection. However, these sensors are generally small and have limited measurement 19 
ranges, and thus a large number of traditional strain sensors would be needed to monitor large 20 
structural surfaces, dramatically increasing cost and reducing practicality. In addition, these 21 
sensors are easily damaged under cracking due to their limited ductility, and thus cannot provide 22 
continuous monitoring after damage. Therefore, although conceptually straightforward, significant 23 
challenges still remain with using strain sensing elements to monitor fatigue cracks over large 24 
structural surfaces in a continuous manner.  25 
In order to overcome these challenges researchers have attempted to deploy networks of large, 26 
flexible sensors. Such technology, analogous to a sensing skin, has been proposed to measure strain 27 
over large structural surfaces. Examples include carbon nanotube based sensors [14,15], resistive 28 
sensing sheets [16], printable conductive polymer [17], patch antenna sensors [18,19], and soft 29 
elastomeric capacitors (SECs) [20,21]. In particular, the SEC technology, previously developed 30 
by the authors, is highly scalable due to its ease of fabrication and use of low cost materials; 31 
additionally, SEC can be fabricated in large sizes. SECs are capable of unusually large 32 
deformations and a wide range of elastic strain measurement (up to 20% strain [22]). They are 33 
mechanically robust, making them suitable for long-term monitoring. Prior studies have 34 
demonstrated that SECs are able to monitor static [23] and dynamic [24] strain in various civil 35 
structural components and can monitor strain maps under in-plane stress conditions [25].  36 
By overcoming the limitations associated with traditional strain sensors, SECs show great promise 37 
as part of a long-term robust fatigue crack monitoring system. Preliminary investigations [26,27,28] 38 
have demonstrated the SEC capability to detect and localize low-cycle fatigue cracks on compact 39 
Statement of Provenance: This is an author-created, un-copyedited version of an article accepted for publication/published in Smart Materials 
and Structures. IOP Publishing Ltd is not responsible for any errors or omissions in this version of the manuscript or any version derived from it. 
The Version of Record is available online at https://doi.org/10.1088/1361-665X/aa75ef 
3 
 
tension, C(T), specimens. Moreover, a numerical approach based on finite element analysis [29,30] 1 
was established by the authors, enabling numerical prediction of the SEC’s capacitance response 2 
in the presence of crack growth.  3 
The objective of this study was to determine whether SECs are capable of being used as a fatigue 4 
monitoring device in common steel bridge applications. To accomplish this, the crack detection 5 
ability of the SEC was investigated in the context of high-cycle fatigue cracking, representative of 6 
cracking commonly encountered in steel bridges. Compared to low-cycle fatigue cracks, high-7 
cycle fatigue cracks are generally subject to lower stress levels, are dominated by elastic 8 
deformation, and thus require a larger number of cycles to initiate and propagate. Importantly, 9 
crack openings under high-cycle fatigue are much smaller than those generated by low-cycle 10 
fatigue. As a result, monitoring high-cycle fatigue cracking with the SEC can be expected to be a 11 
more challenging proposition than monitoring low-cycle fatigue cracking, since the sensor should 12 
produce smaller responses under smaller crack openings. Long-term robustness is also critical to 13 
deploying an effective crack monitoring strategy in order to ensure functionality over the life of 14 
the structure being monitored. 15 
To address these challenges, it was hypothesized that peak-to-peak amplitude (pk-pk amplitude) 16 
could be used as an indicator for monitoring crack growth, which would exhibit low sensitivity to 17 
capacitance drift. A crack monitoring algorithm based on frequency analysis was developed for 18 
accurately identifying the pk-pk amplitude and then calculating the Crack Growth Index (CGI). 19 
The approach relies on measurements from the SEC’s response as well as the applied fatigue 20 
loading. Load can either be directly measured when possible in a laboratory setting or indirectly 21 
measured via structural strain in the field. To experimentally evaluate the proposed algorithm, 22 
loading protocols were designed to generate high-cycle fatigue cracks in C(T) specimens that are 23 
similar to those one would see in full-scale steel bridges subject to traffic loading. The objective 24 
is to limit the plastic deformation at the crack tip throughout the fatigue testing. Finally, the 25 
hypothesis, and the proposed algorithm, were experimentally evaluated using steel C(T) specimens 26 
instrumented with SECs for a series of high-cycle fatigue tests to examine whether crack growth 27 
could be successfully monitored based on the proposed approach. 28 
2. Background 29 
The SEC is a flexible capacitor formed by a dielectric layer sandwiched between to conductive 30 
layers acting as electrodes. The dielectric is composed of a styrene-ethylene/butylene-styrene 31 
(SEBS) block co-polymer filled with titania, and the conductive layers are fabricated by the same 32 
SEBS, filled with carbon black (Figure 1b). The SEC is attached onto the surface to be monitored, 33 
typically using off-the-shelf bi-component epoxy. Strain produces a geometric change in the sensor, 34 
producing a corresponding change in capacitance. (Figure 1a). SECs can be fabricated in various 35 
sizes. A dimension of 76 mm by 76 mm (3 in by 3 in) was adopted in this study. The effective 36 
sensing area, or the area of the conductive layer, is 63.5 mm by 63.5 mm (2.5 in by 2.5 in). Figure 37 
1c shows a picture of one SEC with two strips of copper tape embedded in the top and bottom 38 
Statement of Provenance: This is an author-created, un-copyedited version of an article accepted for publication/published in Smart Materials 
and Structures. IOP Publishing Ltd is not responsible for any errors or omissions in this version of the manuscript or any version derived from it. 
The Version of Record is available online at https://doi.org/10.1088/1361-665X/aa75ef 
4 
 
conductive plates for connecting to the data acquisition (DAQ). A detailed description about the 1 
fabrication procedure of the sensor can be found in reference [16]. 2 
As illustrated in Figure 1b, when the monitored structures is under a tensile (or compressive) force, 3 
the surface strain provokes a change in the SEC's area A and thickness h, leading to a change ΔC 4 
in capacitance C. Starting with the approximation of the SEC as a pure capacitor 5 
0 r
e e A
C
h
       (1) 6 
where e0 is the permittivity of air, er is the permittivity of the dielectric, 𝐴 = 𝑤 ⋅ 𝑙 is the sensing 7 
area of width w and length l, and h is the thickness of the dielectric. It can be shown that, under 8 
uniaxial strain ε, the change in capacitance is given by [26]: 9 
1
1
C
C





      (2) 10 
where ν is the SEC’s Poisson ratio (ν approx. 0.49, with 1/(1-ν) approx. 2). 11 
 12 
 
 
  
(a) (b) (c) 
Figure 1. (a) Schematic of the SEC; (b) the SEC under a tensile strain; and (c) a picture of the SEC 
 13 
The authors approached this investigation with a hypothesis that the strain sensing ability of the 14 
SEC could be extended to fit the purpose of fatigue crack monitoring in steel bridges. Figure 2 15 
demonstrates a supporting principle using a steel plate as an example. The fatigue load F is 16 
assumed to have a constant load range, and a fatigue crack initiates at the left edge of the plate and 17 
propagates to the right. The SEC is deployed on the plate prior to the crack initiation. Points a, b, 18 
and c represent three stages of crack propagation when the crack tip first reaches these locations.  19 
 20 
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Figure 2. Schematic of the sensing principle for crack monitoring 
The crack monitoring capabilities of the SEC can conceptually be thought of as occurring across 1 
three stages of crack growth:  2 
1) When the crack is approaching the SEC (point a), the sensor can be treated as a large 3 
area strain gage, where localized strain changes can be measured by a change in 4 
capacitance C; 5 
2) When the crack grows into the sensing area (point b), the crack opening beneath the 6 
sensing skin produces a stretch in the SEC, and thus causes an additional increase in 7 
capacitance. Therefore, larger responses in terms of both the mean and the pk-pk 8 
amplitude should be observable;  9 
3) When the crack propagates further (point c), higher responses for both mean capacitance 10 
and pk-pk amplitude should be measurable. This is due to the fact that the crack weakens 11 
the local stiffness of the plate (i.e. the crack opens more under same range of the load). 12 
A challenge associated with SECs is that measurements can be subject to capacitance drift [31] 13 
during long-term monitoring due to environmental factors such as temperature or humidity 14 
changes, and to an intrinsic electrical behavior found in many sensors fabricated from smart 15 
materials [32, 33].  16 
To ensure robustness against capacitance drift, the pk-pk amplitude of the capacitance 17 
measurement (as illustrated in Figure 2) was hypothesized to be an indicator of cracking useful for 18 
long-term monitoring of fatigue cracking. By extracting only the pk-pk amplitude, the drift effect 19 
in the mean capacitance can be filtered out. To illustrate, denote Cpk-pk as the pk-pk amplitude of 20 
the sensor’s capacitance. Cpk-pk/Cm is then the percentage change of capacitance of the SEC 21 
reflecting the amount of strain transmitted to the SEC, where Cm is the mean capacitance. Using 22 
the sensing principle (Equation 2): 23 
2
pkpk
m
C
C
       (3) 24 
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Now, assume that the excitation load range ΔF is constant over the long-term period, but that the 1 
capacitance drifts by ΔCm, as illustrated in Figure 3. Such a drift would provoke a change to the 2 
pk-pk amplitude ΔCpkpk as well. Since the monitored strain remains constant before and after the 3 
drift, the corresponding relative change in capacitance should remain the same: 4 
2
pkpk pkpk pkpk
m m m
C C C
C C C

 
 
 
     (4) 5 
Rearranging Equation 4 provides: 6 
pkpk m
pkpk m
C C
C C
 
       (5) 7 
   
Figure 3. Illustration of drift impact on both mean and pk-pk amplitude of capacitance measurement 
Equation 5 indicates that the percentage change of the pk-pk amplitude caused by the capacitance 8 
drift ΔCpkpk/Cpkpk is the same as the percentage change of the mean capacitance ΔCm /Cm. In the 9 
fatigue tests of this study, a maximum capacitance drift was found as 10 pF during a period of 10 
several weeks, leading to ΔCpkpk/Cpkpk = ΔCm /Cm = 10 pF / 900 pF = 1.1 %, in which the 900 pF is 11 
a typical mean capacitance Cm of the SECs. On the other hand, test results in this study also showed 12 
that ΔCpkpk/Cpkpk caused by crack growth reached 100% when the crack grows from 0 mm (0 in.) 13 
to 46.0 mm (29/16 in.). Such an increment provoked by the crack growth (100%) is much larger 14 
than the change of capacitance drift (1.1%) so that the drift can be neglected for tests in this study. 15 
The pk-pk amplitude is sensitive to signal-to-noise ratio due to its small magnitude. For high-cycle 16 
fatigue cracks, the pk-pk amplitude can even be smaller, given that fatigue in steel bridges is 17 
usually driven by relatively low stress ranges. To robustly and accurately identify pk-pk amplitude, 18 
a crack monitoring algorithm is proposed based on frequency analysis, as explained in the next 19 
section. 20 
 21 
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3. Crack Monitoring Algorithm for High-cycle Fatigue Cracks 1 
An illustration of SEC application for crack monitoring in steel bridges is shown in Figure 4. 2 
Fatigue cracks can take years to decades to initiate and propagate before reaching a critical size 3 
[3]. For this reason, continuously collecting data throughout bridge service life is impractical. An 4 
effective crack monitoring strategy would follow a multi-timescale [34]: a fast timescale for data 5 
collection and a slow timescale for tracking crack growth. As shown in Figure 4, in the fast 6 
timescale monitoring, a short-time measurement is taken by the SEC network. Within the period 7 
of measurement, the fatigue crack can be assumed unchanged. An indicator of crack length can be 8 
extracted for this particular point-in-time using a crack monitoring algorithm. By taking multiple 9 
fast timescale measurements and extracting features of crack length over the slow-timescale over 10 
the entire fatigue life, the global behavior of crack growth can be identified.  11 
 
Figure 4. Demonstration of fatigue crack monitoring in steel bridges using SEC network  
For this approach to be viable, a computed value is required to serve as an indicator of crack length; 12 
the Crack Growth Index (CGI) was developed to serve as such an indicator.   13 
The CGI acts as a normalized strain indicator from which crack growth under the SEC can be 14 
inferred. Figure 5 depicts the steps used in the developed crack monitoring algorithm for extracting 15 
the CGI. The algorithm is a four-step procedure including data acquisition, frequency analysis, 16 
establishing CGIs, and crack growth monitoring.  17 
The first step in the monitoring algorithm is data acquisition (Figure 5a). A series of short time 18 
measurements are taken as the crack grows to different lengths (li). Both capacitance 19 
measurements Ci(t) of the SEC and force measurements Fi(t) of the fatigue load are collected. The 20 
pk-pk amplitude of the SEC is directly related to the opening of the crack, but is also affected by 21 
the magnitude of load. To successfully identify crack growth through the SEC’s response, the 22 
capacitance measurements Ci(t) should be normalized with respect to the level of fatigue load. The 23 
fatigue load can either be directly measured or indirectly determined via strain measurements.  24 
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The next step in the monitoring algorithm is to convert the capacitance, Ci(t), and force 1 
measurements, Fi(t), from the time domain to Power Spectral Densities (PSDs) in the frequency 2 
domain. Physically, a PSD represents the energy distribution of a signal in the frequency domain. 3 
The peak amplitude is then identified to represent the pk-pk amplitude of the time series. Compared 4 
with identifying the pk-pk amplitude in the time domain, the peak of the PSD in the frequency 5 
domain is less sensitive to noise content in the measurements. As shown in Figure 5b, peaki
F is 6 
denoted as the PSD peak of the ith force measurement Fi(t), and peaki
C as the PSD peak of the ith 7 
sensor measurement Ci(t). Both peaki
F and peaki
C should locate at the same frequency (i.e. the 8 
loading frequency), but may have different amplitudes. 9 
 
Figure 5. The four-steps involved in the proposed crack monitoring algorithm: (a) data acquisition; (b) 
frequency analysis; (c) establishing CGIs; and (d) crack growth monitoring 
Once the PSD peaks are obtained, CGIs can be computed using equations shown in Figure 5c. CGI 10 
is a feature extracted from sensor’s measurement Ci(t) and applied load Fi(t). It represents the level 11 
of the pk-pk amplitude under a unit excitation load.  12 
In the final step of the algorithm, crack growth is monitored using the CGI values. Specifically, 13 
CGIi at the i
th measurement is correlated with its crack length li, so that a curve between CGI and 14 
crack length can be established (Figure 5d).  15 
Fatigue testing was performed as part of this study to evaluate to what extent crack growth can be 16 
indicated by monitoring increasing CGI, and to evaluate the overall effectiveness of the monitoring 17 
algorithm.  18 
4 Fatigue Loading Protocols 19 
In previous investigations focused on the SEC performance in the presence of low-cycle fatigue 20 
cracks [26, 27, 28], a fatigue load with a 26.0 kN (5.85 kip) constant range was applied to 21 
specimens. However, a constant load range only guarantees relatively small crack openings in the 22 
early stages of crack propagation. As the crack grows longer, excessive opening and plastic 23 
deformation at the crack tip can occur due to significant stiffness reduction. This leads to crack 24 
characteristics which are not representative of fatigue cracks that commonly occur in steel bridges.  25 
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To generate realistic high-cycle fatigue cracking, the loading protocol used in this study was based 1 
on maintaining a constant range of applied stress intensity, ΔK. A relatively low value for ΔK was 2 
used to limit formation of a large plastic zone at the crack tip so that crack openings remained 3 
small even as the crack length increased. This approach generated fatigue cracks that are more 4 
representative in steel bridges. ΔK is the range of stress intensity within one load cycle and can be 5 
expressed as: 6 
max min
K K K         (5) 7 
where Kmax and Kmin are the maximum and minimum stress intensity factors. In fracture mechanics, 8 
ΔK is a parameter representing the stress state change around the crack tip caused by the fatigue 9 
load ΔF. According to ASTM E1820-15 [35], for the compact tension specimen adopted in this 10 
study (Figure 6), ΔK can be determined as: 11 
( )
F a
K f
WB W


      (6) 12 
where 
max min
F F F    is the difference between the maximum load Fmax and the minimum load 13 
Fmin in one load cycle; B is the thickness of the specimen; a is the length of the crack measured 14 
from the load line; and W is the distance between load line and the back face of the specimen.  The 15 
term f(a/W) in Equation 6 is a polynomial with the variable a/W. Detailed expressions for f(a/W) 16 
can be found in reference [35]. Dimensions a and W are also labeled in the schematic presented in 17 
Figure 6. 18 
From Equation 6, ΔF can be determined once a desired ΔK is established, but this requires 19 
knowledge of Fmax and Fmin. A common approach is to introduce the stress ratio,20 
min max min max
/ /R K K F F  , representing the ratio of maximum stress and minimum stress in one 21 
load cycle. In the case of steel bridges, R is the ratio between the magnitude of live load-induced 22 
stress (i.e. vehicle load) and the magnitude of dead load-induced stress (i.e. bridge self-weight), at 23 
a particular location on the structure. 24 
 
Figure 6. Dimensions of the C(T) specimen; 
 25 
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The procedure used to apply the loading protocol is summarized in Figure 7. A constant ΔK was 1 
first assigned. Then, based on ASTM E1820 [35], the corresponding ΔF for the targeted ΔK was 2 
computed. Finally, a chosen magnitude for the stress ratio R guarantees a unique solution of Fmax 3 
and Fmin, so that the loading protocol can be applied using load control.  Three R values were used 4 
in the test program: 0.1, 0.4, and 0.6, simulating stress ratios caused by passing vehicles with 5 
different weights in steel bridges. 6 
 
Figure 7. Procedure for determination of the fatigue loading protocol 
5 Experimental Validations 7 
The SEC’s ability to monitor high-cycle fatigue cracks was investigated through fatigue testing 8 
performed on steel C(T) specimens. The suitability of the monitoring algorithm was evaluated 9 
based on the experimental findings. 10 
5.1 Test configuration 11 
A series of small-scale steel specimens equipped with SECs were tested under fatigue loading 12 
using a constant ΔK. C(T) specimens were fabricated from A36 steel plates of 6.4 mm (1/4 in.) 13 
thickness. Figure 6 shows the dimensions of the C(T) specimen. The specimens were loaded using 14 
a closed-loop servo-hydraulic uniaxial load frame utilizing two clevises. Two adhesive measuring 15 
tapes were adhered to the front face of each specimen (Figure 8a) to allow for visual measurement 16 
of crack length during testing. The SEC was attached to the back face of the specimen using bi-17 
component epoxy JB-Weld (Figure 8b), while the top and bottom conductive layers of the SEC 18 
were connected to a DAQ system (ACAM PCAP02) for measuring the capacitance response.  19 
 20 
 21 
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(a) (b) 
Figure 8. (a) Front face of the specimen; and (b) back face of the specimen 
Table 1 summarizes the experimental testing procedures used on the three tests included as part of 1 
this study, as well as the previous low-cycle fatigue test [28]. Test 1 was performed using R=0.1.  2 
Tests 2 and 3 were performed with identical test parameters, using R=0.6 during crack propagation, 3 
but R=0.4 and R=0.6 during each data collection interval. This was done to enhance an 4 
understanding of the influence of the stress ratio on SEC performance.  5 
Table 1. An overview of the procedure on experimental testing 6 
Test number Range of stress intensity factor ΔK 
Crack 
propagati
on stage 
Data collection stage 
Test 1 22.0 to 27.5 MPa m  (20 to 25 .ksi in ) R = 0.1 Figure 9, R = 0.1 
Test 2 and 
Test 3 22
MPa m  (20 .ksi in ) R = 0.6 
Figure 9, R = 0.4 
Figure 9, R = 0.6 
Previous Low-
cycle Fatigue 
Test [28] 
48.3 to 146.7 MPa m (44.5 to 133.5 .ksi in ) R = 0.1 Figure 9, R = 0.1 
A loading frequency of 10 Hz was used for initiating and propagating fatigue cracks. Data 7 
collection was performed at every 1.6 mm (1/16 in.) increment of crack growth, and the loading 8 
rate was reduced to 0.5 Hz while data was being collected.  For each data collection interval, data 9 
were sampled at 50 Hz over 100 cycles, and measurements were recorded for actuator force and 10 
capacitance of the SEC. After each data collection interval, the fatigue loading rate was returned 11 
to 10 Hz so that the crack propagation could be continued. 12 
Figure 9 presents the loading protocols applied in the tests with different R ratios: 0.1 (Test 1), 0.4 13 
(Tests 2 and 3), and 0.6 (Tests 2 and 3). The loading protocol used by [28] for low-cycle fatigue 14 
testing is also shown for comparison. It can be seen that the ΔK values used in Tests 1, 2, and 3 15 
were much smaller than used in [28], representing a higher demanding on the SEC’s resolution. 16 
Note that crack lengths in these plots were measured from the notch of the specimen (Figure 8a). 17 
The relationship between stress intensity factor, applied stress, and crack length defined in 18 
Equation 6 indicates that a longer crack length, a, should correspond to a smaller ΔF if the target 19 
ΔK is fixed. This relationship mandates that the difference between the minimum and maximum 20 
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bounds of the fatigue loading should decrease as the crack grows. As shown in Figure 9a, a multi-1 
stage loading protocol was adopted in Test 1, in which ΔF was re-computed and adjusted for every 2 
9.5mm (3/8 in.) of crack propagation, maintaining an approximately constant ΔK within a range 3 
between 22.0 MPa m  to 27.5 MPa m  (20 .ksi in  to 25 .ksi in ). In Tests 2 and 3, shown in 4 
Figure 9b and c, more frequent adjustments were made by decreasing ΔF every 1.6 mm (1/16 in.) 5 
of crack growth. This ensured that ΔK was maintained at 22.0 MPa m  (20 .ksi in ) throughout 6 
Tests 2 and 3. 7 
  
(a) (b) 
 
 
(c) (d) 
Figure 9. (a) Test 1 loading protocol, R = 0.1; (b) Test 2 and 3 loading protocol, R = 0.4; (c) Test 2 and 
3 loading protocol, R = 0.6; and (d) Loading protocol used in prior low-cycle fatigue test [28], R = 0.1. 
Red dotted line represents Fmax, black dotted line represents Fmin, and blue line represents ΔK. 
 8 
5.2 Crack growth under the new loading protocols 9 
Figure 10 presents a comparison between cracking generated by maintaining an approximately 10 
constant value for ΔK, and that generated in previous testing by maintaining a constant value for 11 
ΔF. Although the crack sizes obtained in Tests 1 is significantly longer than that observed during 12 
the previous low-cycle fatigue testing, crack opening was observed to be much smaller. Due to the 13 
large crack opening in the previous test, excessive plastic deformation produced a dimple which 14 
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could be observed at the crack tip, while such plastic deformation was not observed in the tests 1 
performed as part of the current study. 2 
 3 
  
(a) (b) 
Figure 10. Pictures of cracks showing different features between the new and previous tests: (a) crack 
in Test 1 at 46.0 mm (29/16 in.); and (b) crack from previous testing [27] at 38.1 mm (24/16 in.) 
Table 2 summarizes the fatigue test results, and includes the number of cycles applied, final crack 4 
length, and fracture status. Because the load range was continuously decreased in Tests 1, 2, and 5 
3, these specimens did not experience fracture. In the previous test, the specimen failed in ductile 6 
tearing when the crack reached a length of 37.1 mm (24/16 in.). Tests 1, 2, and 3 produced 7 
significantly longer fatigue lives than noted in the specimen previously tested because of the lower 8 
ΔK. In particular, nearly 2 million cycles were applied in Test 1, which was performed at the lowest 9 
stress ratio (R = 0.1). 10 
Table 2. Fatigue testing results 11 
Test number Number of cycles Final crack length Specimen fracture 
Test 1 1,810,000 46.0 mm (29/16 in.) No 
Test 2 660,000 50.8 mm (32/16 in.) No 
Test 3 605,000 50.8 mm (32/16 in.) No 
Previous Low-cycle 
Fatigue Test [28] 
14,500 37.1 mm (24/16 in.) Yes 
 12 
5.3 Evaluation of proposed crack monitoring algorithm 13 
Figure 11 presents sample raw capacitance measurements from the SECs in Tests 1, 2, and 3 as 14 
cracking propagated in the C(T) specimens. Full detailed SEC measurements of Test 1 are 15 
demonstrated in reference [36]. For better pk-pk amplitude comparisons, all the measurements 16 
have been detrended to have a zero mean. Results in these figures show an increasing trend of pk-17 
pk amplitudes as cracking propagated. For example, the pk-pk amplitude increased from 18 
approximately 0.5 pF to 2 pF when the crack grew from 0 mm (0 in.) to 46.0 mm (29/16 in.). The 19 
SEC’s measurements showed similar levels of response among the tests for similar crack lengths. 20 
One example is that pk-pk amplitudes were approximately 2 pF for all three tests (and all three R 21 
values tested) when the crack reached 46.0 mm (29/16 in.), as shown in the last column of the 22 
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figures. This finding indicates that for a certain crack length, sensor response is governed by load 1 
range ΔF and is invariant to stress intensity ratio R. 2 
   
(a) 
   
(b) 
   
(c) 
   
(d) 
   
(e) 
Figure 11. Sample raw measurements of SECs when the crack propagates to different lengths: (a) Test 
1, R = 0.1; (b) Test 2, R = 0.4; (c) Test 2, R = 0.6; (d) Test 3, R = 0.4; and (e) Test 3, R = 0.6. The crack 
lengths are indicated in each plot. 
Figure 11 also exhibits noise content in the capacitance measurements, especially when crack 3 
lengths were short. Identifying the pk-pk amplitudes directly from the raw measurements in the 4 
time domain will suffer from uncertainty due to this noise content. For this reason, the proposed 5 
crack monitoring algorithm based on frequency analysis was utilized.  6 
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Figure 12 shows the outcome of the crack monitoring algorithm for all testing cases. The plot for 1 
Test 1 is missing data for some crack lengths. This is due to faster than anticipated crack growth. 2 
In subsequent tests, more frequent observations were scheduled in order to avoid this loss of data.  3 
   
(a) (b) (c) 
   
(d)  (e)  (f) 
Figure 12. Representative measurements of SECs as the crack propagated to different lengths: (a) Test 
1; (b) Test 2, R = 0.4; (c) Test 2, R = 0.6; (d) Test 3, R = 0.4; (e) Test 3, R = 0.6; and (f) a comparison 
of all data. Red dashed line indicates the start of effective sensing area on the SEC. 
The crack length in Figure 12 is measured from the notch of the specimen (Figure 8a). However, 4 
due to the fact that the effective sensing area of the SEC is less than its outermost dimensions, the 5 
crack does not reach the effective sensing area when it initiates from the notch. As shown in Figure 6 
13, the notch is at a distance of 7.9 mm (5/16 in.) from the edge of the sensing area. The dashed 7 
red line in Figure 12 indicates the start of the SEC’s effective sensing area. 8 
 
Figure 13. Demonstration of the boundary of the sensing area 
A positive correlation between CGI and crack length can be clearly observed in Figure 12a-e. An 9 
approximate linear relationship was identified between crack length and log(CGI). The data shows 10 
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that fatigue crack growth can be successfully identified by monitoring the CGI values produced 1 
based on the developed algorithm. Furthermore, such a trend also exists when the crack is 2 
approaching, but has not quite reached the sensing area, as shown by the data points prior to the 3 
red dashed line. This is because the SEC essentially acts as a large-area strain gauge for monitoring 4 
the increasing strain field cause by crack growth. As a crack monitoring method based on direct 5 
strain measurement, its effectiveness is validated when the crack is either close to or directly 6 
underneath the SEC. 7 
Figure 12f shows a compilation of CGIs for Tests 1, 2, and 3. Excellent agreement was observed 8 
between all tests in which fatigue loading with different stress intensity ratios were applied. 9 
Considering the fact that a bridge under traffic loading is subject to changing stress intensity ratios 10 
over time, the result in this plot indicate the SEC could robustly monitor high-cycle fatigue cracks 11 
under different stress ratios, R.   12 
Based on the finding, the proposed crack monitoring algorithm provided a good solution for 13 
monitoring fatigue crack growth using an SEC. The algorithm showed robustness even when the 14 
crack was small and the measurements were contaminated by noise content. Moreover, the 15 
proposed algorithm proved to be applicable for various loading conditions. 16 
6. Conclusions and Future Work 17 
This paper has presented a study that was focused on examining the suitability of a novel large-18 
area strain-based sensing technology for monitoring fatigue cracking in steel bridges. The SEC is 19 
a large-size, flexible, low-cost, and mechanically-robust capacitive strain gage, and has a wide 20 
strain measuring range, making it a promising tool for monitoring cracking in bridges. Previous 21 
studies have verified the SEC’s capabilities for monitoring low-cycle fatigue cracking, but high-22 
cycle fatigue cracking is characterized by small crack openings, which presents a new challenge 23 
for a capacitance-based sensor such as the SEC. To achieve a monitoring solution for fatigue 24 
cracking in steel bridges, the pk-pk amplitude of the sensor’s measurement was used to construct 25 
an indicator of crack growth. Then, a crack monitoring algorithm was established to compute CGIs 26 
as a normalized pk-pk amplitude in frequency domain. The sensor’s capabilities and the proposed 27 
algorithm were evaluated through experimental testing under various stress ratios, R. The 28 
following conclusions were drawn: 29 
 The developed algorithm was able to overcome noise infiltration, and resulted in excellent 30 
correlation between increasing fatigue crack length and increasing CGI. Therefore, the 31 
proposed crack monitoring algorithm was validated by the test data.  32 
 The proposed crack monitoring algorithm was able to robustly monitor the growth of high-33 
cycle fatigue cracks under various loading conditions, and provided consistent results for 34 
the three stress ratios that were studied.  35 
 With the introduction of the monitoring algorithm, the SEC was found to be capable of 36 
serving as a monitoring device for propagating fatigue cracks in steel bridges. 37 
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This study was focused on the SEC’s capability to monitor in-plane fatigue cracks, and the linear 1 
relationship between log (CGI) and crack length is dependent on the size of SECs. Future work 2 
will be focused on testing the SEC in larger scale structural models with more complex geometric 3 
layouts for out-of-plane distortion-induced fatigue cracks in bridge components. 4 
Additionally, the fatigue load in this study was assumed to be a periodic sinusoidal wave with a 5 
single dominant frequency. Fatigue cracks in steel bridges are generated by traffic loads. 6 
Depending on the weight and speed of passing vehicle, traffic load may contain more complex 7 
features like different pk-pk amplitudes and frequency components. Our future work will focus on 8 
updating the current crack monitoring algorithm for steel bridge applications under complex traffic 9 
loads. 10 
The research reported in this paper forms the basis for use of SECs as a robust fatigue monitoring 11 
solution in steel bridges.  Development of such a monitoring solution is highly impactful, as the 12 
sensors themselves are large and can cover large areas in fatigue-susceptible regions of steel 13 
bridges, leading to more reliable and comprehensive long-term fatigue monitoring solutions.  14 
 15 
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